There are many factors that affect the groundwater contamination in the highway environment. This paper reports a 2-dimensional numerical simulation of the movement of contamination with water into the sub-grade and water table beneath a road to determine the major factors affecting transport of contaminants. The modelling parameters were assembled from various literature sources and 8 scenarios were adopted to simulate the possible controlling conditions. Analyses were undertaken to simulate 2 to 4 years of water percolation through the pavement sub-structure, some contamination arriving at an underlying ground water table and other arriving at a lateral drain. Overall, the potential for ground water table contamination above probable limit values is very low except in extreme permeability and low sorption cases. Results show, firstly, that the sorption capacity of aggregates should be taken into account, especially as the run-off is likely to be a more important consideration than the possibility of leaching from the pavement's construction layers. Secondly they show that the permeability of sub-grade soil, the suction-water content characteristics and the partitioning coefficient are the major factors affecting the degree of groundwater contamination in the highway environment. Of these, the sorptive capacity appears to be the key issue. Thirdly, it is shown that the rainfall pattern has little effect if the quantity of rainfall is the same.
Background
Highways are well recognized as a source of many kinds of contaminants generated by exhaust fumes, tyre and road surface abrasion, leachate from aggregates and spillages (Jessep, 1998; Pagotto et al, 2000) . Contaminants can be moved by runoff and infiltrate into the ground to contribute to the groundwater contamination (Hill, 2004; and Legret, 2005 ).
Many studies have been carried out in which the contaminants in runoff have been investigated, and a lot of useful data have been recorded and published. That these contaminants are present in runoff doesn't mean that groundwater is certain to be contaminated if the runoff enters the sub-surface. There are many factors that affect the transport of contaminants in and by water which will control whether or not significant contamination reaches the groundwater. Related research has been reported by (e.g.) Hill (2004) , Legret (2005) , , etc. To determine whether groundwater contamination is of concern requires an understanding of both the hydraulic and geo-environmental conditions likely to exist in the pavement sub-structure.
To achieve such an understanding, numerical simulation has a significant role. It can help to quantify the effects of physical phenomena, to elicit the mechanism by which water moves underground and to manage any experimental work effectively. Furthermore, numerical simulations provide a very important tool that can economically reveal the transport mechanism of contaminant in and by the water.
Purpose
There are many factors that influence the transport of contaminants, including geometry conditions (for example, the cross-fall of a pavement base course), material (soil and aggregate) properties such as permeability, porosity, suction characteristics, sorption parameters and contaminant properties. In general, the purpose of numerical simulation is to:
• Define those factors that significantly affect contaminant transport in the pavement and near-pavement environment,
• Determine the sensitivity of contaminant movement to change in the values of the associated factors,
• Reveal the mechanism by which contaminants are transported,
• Suggest means of managing contaminant transport.
Therefore, it is important to study the quality and sensitivity of numerical analyses. In the study reported here the leaching of contaminants from road runoff and from the road aggregates together with the position of leachate migration and its development with time are studied as a function of the assumptions made about:
• the hydraulic regime in the pavement,
• the suction, sorption and permeability characteristics of the sub-grade,
• the rainfall pattern.
Influential factors
There are almost numberless factors that can influence the possibility of groundwater contamination; however, the really important factors are limited, as described by . In the simulations reported here, only these important ones were investigated. They are:
• Permeability and suction. The transport process of contaminants within and by the water is critically affected by the permeability of soil or of the base course because advection is usually an important mechanism. Because the water table is generally beneath the base course, there is, due to capillary suction, an unsaturated zone where the permeability is different from the value in the saturated zone. The van Genuchten model (1980) allows the changes in permeability to be predicted from the interrelation between suction and water content.
• The sorption capacity of pavement sub-grades. The partition coefficient, K d , is used to evaluate the sorptive capacity of a soil or aggregate. There are many factors that have effects on the partition coefficient, such as specific surface area, chemical composition of soil particles and so on. However, it is not necessary to determine the key controlling factor in order to perform a simulation. In the simulation, the K d is defined over a reasonably large range in accordance with the various values reported in previous studies. Thereby, the sorption effect of pavement sub-grades may be investigated from a macroscopic view.
• Relative impacts of runoff and base course aggregate leaching. The present study focuses on an aggregate's capacity to leach contaminants. Despite previous studies (Legret 2005 , Wilson 2004 ) having identified a general reduction of contamination as runoff infiltrates through the pavement, in this study, as a conservative assumption, this effect is ignored. The reason for this is that there is insufficient data available to identify the processes by which these contaminants are adsorbed and, therefore, whether or not this sorption is likely to occur in the scenarios simulated here.
Parameters
Contaminants in runoff have been measured by several authors. The values obtained by Kayhanian et al (2003) have been taken as typical and their maximum values were selected as the basis of the input values for the simulations reported in this paper because they appear to represent 'worst-case' input contaminant loadings. Leachate concentration values were obtained from an earlier study by Hill (2004) who tested a wide range of conventional and alternative aggregates that might be used as base course materials. The values adopted are, in effect, 'worst-case'. The relevant values are given in Table 1 . Where µ = mean value and SD = standard deviation; also in following tables For the purpose of identifying the impact of a range of parameters and values, the data sets used in the simulation are shown in Table 6 , largely based on the range of the values given in Table 2 to Table 5 . Table 6 Values of permeability and van Genuchten parameters adopted The evaluation of soil sorption is achieved using a linear soil water partition coefficient (K d , which has units of l/kg). Different metals such as copper, zinc and cadmium are chosen to illustrate the effect of linear sorption. The selected values and the literature sources on which these are based are given in Table 7 and Table 8 . (2000), 2 Chang et al (2001), 3 Tran et al (2002) To evaluate the effects of contaminants in runoff and contaminants leached from base course aggregates, three simple situations (D1 to D3) were analysed:
1. Contaminated runoff + no aggregate leaching + subgrade sorption (D1);
2. Clean runoff + aggregate leaching + subgrade sorption (D2);
Contaminated runoff + aggregate leaching + subgrade sorption (D3).
There was insufficient time for a "full-factorial" analysis, i.e. to allow all combinations of soil and contaminant data sets (A, C and D) to be investigated. Therefore, a limited range of scenarios was selected with the purpose of demonstrating the impact of each set of parameters. To study the relative effects of leaching and contaminated run-off the following base scenarios were simulated. Note that these may, in many ways, be considered 'worst-case' for pollution migration as permeability is high (Condition A1) and sorption low (Condition C1). 
Simulated Pavement Design
In reality, pavements are three dimensional objects. However, on level ground, there is a large degree of symmetry in the longitudinal direction such that two dimensional (2D) cross-sections of the pavement can be expected to provide a reasonably reliable geometrical representation of the complete pavement. For this reason, 2D numerical simulations were performed using the cross-section of a typical pavement as shown in Figure 1 . Because the pavement cross-section is symmetric about its centre line, the model grid is as illustrated in Figure 2 .
Figure 1
The simulated pavement design
Figure 2
Model grid (vertical dimensions in mm, 2100mm is base of simulation)
6. Boundary Conditions
Constant head
Initially, all the cells were given a head that was hydrostatic relative to an assumed phreatic surface at the 2500mm level ( Figure 2 ). Thereafter the head value was determined by the simulation.
Drain
The cells in column 22 (layers 7-10) are arranged such that, if during the calculation the water head of the cell is higher than 2500 mm, water will drain out of the cell. Otherwise, the cell is set to be dry ( Figure 2 ). By this means a drain that never lowers the phreatic surface beneath its original level is provided.
Rainfall Pattern
As a worst-case, a permeable pavement surface is assumed to be allowing all the rainfall to enter the pavement. Another way of stating the assumption is that the rainfall rate is set low so that only the maximum amount of water that can enter the pavement is applied at the top surface. In principle the rainfall rate can be varied to simulate different Layer Number
Column climates and different rates of infiltration through the pavement surface. Recent studies by Taylor (2004) suggest that the assumption of 100% ingress of rain water is reasonable in temperate climates where the road is approaching its maintenance intervention condition.
The rainfall patterns were selected according to statistical data for the UK. A simple pattern (1) was firstly adopted, which had a one-hour-long burst of totally 4 mm with an interval of 34 hours before the next rainfall. There were 1000 cycles of such periods in total, giving a total simulated time of 2 years (see Figure 3 ). Another pattern (2) was chosen to simulate the same total time of 2 years and the same gross rainfall but falling in a different pattern. It included rain in two-hour-long bursts totalling 8 mm with an interval of 68 hours between storms (see Figure 3) . By this means it was hoped to assess the impact of rainfall pattern on the contaminant transportation.
Figure 3
Rainfall patterns used in the simulation
Analysis
The analysis was achieved using the software known as 'Groundwater Vistas' (ESI, 2000) . This software implements the Modflow-Surfact computational engine (HydroGeoLogic, 1996; McDonald & Harbaugh, 1988 ) which models water movement in both saturated and unsaturated conditions. This software was selected after a review of the available computational approaches on the basis of ease-of-use, capabilities and cost.
Results and discussions
The results are now presented:
8.1. Basic results Figure 4 shows the typical water head during a simulation. The result is in accordance with the basic principles of water movement in the ground -water flow is largely vertical in the upper part of the aggregate layer and runs largely horizontally towards the drain in the lower part of this layer. In the subgrade water percolates vertically to the water table and water beneath there moves towards the drain under the influence of the water being added by percolation. Impermeable boundaries (imposed by the limits of the simulation) lead to some artificiality in the flow regime at the bottom and right lower parts of the mesh, but the points of interest for the present study are well removed from this area. 
Typical Water Head

Figure 4
Typical water head in a simulation (not to scale)
Contamination region
After the two-year simulation, the groundwater at the water table was not found to be polluted. However, the contaminant front had penetrated significantly into the sub-grade.
The simulation was then re-run for an extended period of 4 years prior to groundwater contamination occurring.
For the 'worst-case' soil conditions (A1 and C1) with 'worst-case' runoff and 'worst-case' leaching, all three contaminants eventually infiltrated into the groundwater and, thus, this pollution cannot be neglected. The contaminant concentration in the seventh layer from the top (the top of groundwater) is shown in Table 9 for scenario III as an example.
Table 9
Contaminant concentrations at the water The digit in the first row is the column number of model grid (see Figure 2 ) For comparison, drinking water maxima are 5µg/l for Cd, 2000 µg/l for Cu and 5000 µg/l for Zn.
From the table we can see that:
• The left columns show low contamination. This is because they are close to a no-flow boundary so receive little from columns to the left, while the supply at the top in a vertical direction only includes contaminants entering in the current column and columns to the left -of which there are very few.
• The groundwater had been polluted, and the degree of contamination depends on the individual contaminants' input concentration. The top layer of the groundwater had Cadmium concentrations that exceeded water quality maxima (taken to be those exceeding permitted drinking water values) in most columns of the simulation, while for copper the water quality maxima was only exceeded adjacent to the drain and for zinc the maxima were not exceeded.
• The partition coefficient has a major impact. The K d of Cadmium is the lowest and the concentration relative both to the input concentrations and to the drinking water maxima is the highest.
• Initially contamination levels are higher adjacent to the drain (column 21) as a consequence of more heavily contaminated water entering into the sub-grade, at Base   original  water table the groundwater table, from the drain. That water which has infiltrated downwards has had much of the contamination removed by soil sorption.
• Contamination levels are a little higher near the centre of the pavement (column 11). This is thought to be because it represents the point at which the contribution of contaminant from adjacent columns to the left, together with ingress from the aggregate above, is greatest. Further to the right it becomes easier for contaminants to move to the drain through the aggregate. Further left the issue described in the first bullet point applies.
Contamination development with time
Due to sorption, controlled by the partition coefficient, K d , the arrival of a pollutant at the water table takes some time. To illustrate this, consider Scenario III having the most permeable subgrade. Because each metal moves with runoff in the base course and sub-grade in a similar manner, only one contaminant, say cadmium, is selected here to demonstrate the effect of the transport mechanism. Table 10 and Figure 5 characterise the progress. Note that the final contaminant level (almost 20 µg/l) is, in effect, the sum of the cadmium concentrations in the runoff (13 µg/l) and that which comes from the aggregate by leaching (6 µg/l).
This knowledge of the likely progression of a contaminant front allows one to plan monitoring points which will give sufficient warning of pollutant reaching a target and allow remedial action to be taken before a problem becomes too advanced. Layer 3 = top of subgrade; Layer 7 = top of original water table Concentration in runoff is 13 µg/l. Concentration due to leaching of aggregate is 6 µg/l. Drinking Water Limit is 5 µg/l. Also in Figure 5a .
From Table 10 and Figure 5 , we can observe that, for these 'worst-case' conditions being investigated:
• It took the top of the sub-grade relatively little time, 6 months at most, to be significantly polluted but at this time, the sub-grade or soil under the water table appeared to be completely uncontaminated. The reason undoubtedly lies in the relatively high permeability and poor sorption capacity assumed for the base course aggregate allowing contaminants to rapidly reach the sub-grade surface. Beyond this point the contaminant front progression is slowed by both the decreased permeability and increased sorption capacity.
• According to the above results, a reasonable estimate is that the degree of contamination of the sub-grade or soil under the water 
Figure 5a
Graph of Cd Contaminant Front Progression in Sub-Grade, for Scenario III.
Note that the top of the water table is at a depth of 40cm. 
Figure 5b
Image of Cd Contaminant Front Progression in Sub-Grade, for Scenario III.
• For the same rainfall pattern, the real time simulated plays a key role in the contamination of groundwater. The longer the time, the more significantly the groundwater is contaminated.
• Initially, contamination is somewhat higher near the drain (columns [15] [16] [17] [18] [19] but, towards the end of the simulation, concentrations are highest at the level of the water table towards the centre of the pavement. This seems to suggest that horizontal contaminant movement becomes less important as time passes.
Impact of rainfall pattern on the contaminant transport
The two rainfall patterns considered produce the same total water inflow but over different time periods. Table 11 shows that there is no large difference between the effects of the two patterns. In practice, higher volume but less frequent rain storms (similar to Pattern 2) might be expected to lead to a smaller total volume of water entering a pavement and more running off into the surface water drainage system. If such is the case then a significant reduction in contamination might be expected, but the simulation done here has not modelled this eventuality as it requires that all water enters the pavement. Some analyses at different recharge rates were also performed (at 0.2, 1, 2 and 4 mm/day). They showed very different contamination movements. For example, for the four recharge rates the contaminant concentration in column 11 at layer 7 (centre of the pavement and top of the groundwater table) after 2 years of simulation was 0, 0.02, 1.5 and 7.9 µg/l respectively for Scenario III hydraulic and soil conditions. However, more analyses are needed to determine whether the volume of water moving is the key parameter or whether partitioning or some other parameter is the limiting constraint.
Interaction between runoff and base course aggregates
The three simple situations (D1, D2 & D3 -see Section 4, i.e. Scenarios I, II and III) are now compared. In-situ both sorption and leaching may take place in the base course, but in the simulations the sorption capacity of the base course was neglected so as to provide a conservative assumption. It is very important to quantify the impact of sorption by the base course on the movement of contaminants for the economy of engineering, but limited aggregate sorption data makes this difficult at present. It is hoped that this will be expanded following future work.
Modelling of aggregate leaching from the base course layers was achieved by assigning an emission concentration that commenced as 100% of the values indicated by lysimeter leaching tests (Hill, 2004) . Modelling of contaminated water infiltrating into the surface is intrinsic to the software used. Scenario III which had both contaminated runoff and leaching from the aggregate was modelled by adding the concentrations of the two models. As the hydraulic flow regime is the same for each and sub-grade sorption is modelled using the linear sorption parameter, this seems a reasonable approach.
An example of the results of contaminant transported for two years is as shown in Table  12 and Figure 6 . It can be seen that the rate at which the contaminant front progresses is the same in each scenario (curve shapes are similar), but that the magnitude varies dependant upon the input concentration (size of curve varies widely). Note that the Scenario III results are, as noted earlier, a simple addition of the Scenario I and Scenario II results in any particular layer and column (see Table 12 ).
The overwhelming effect of contamination in runoff can be easily seen -contaminant levels at the top of the subgrade are very high for Scenarios I and III, whereas Scenario II with clean runoff leads to much lower contaminant levels in the subgrade. In this analysis, a constant leaching concentration has been assumed. In reality, most leaching reduces with time as the more mobile ions are moved first. Therefore, for the 'worst-case' conditions being studied here, the Scenario II curve in Figure 6 may, even so, be considered an over-estimate. 
Figure 6
Cd contaminant fronts at 2 years, for scenarios I, II and III.
Sensitivity analysis
From the above results, we can primarily infer that the permeability and van Genuchten parameters, partition coefficient, and the rainfall quantity are important factors that affect the transport of contaminant underground, whereas the rainfall pattern has little effect. Accordingly, further simulations were run to assess the sensitivity of the simulation to these important factors.
The hydraulic and sorption parameters were varied as shown in Table 6 and Table 8 . Scenarios III, IV and V provide simulations of progressively finer soils from sand to silt to clay, with corresponding changes in the sorption and hydraulic parameters. Scenario VII has typical hydraulic parameters, but the same sorptive capacity as III to demonstrate the impact of changes in hydraulic conditions alone. Scenario VIII has the same hydraulic parameters as III, but a much greater sorption parameter to allow the impact of sorption parameter alone to be assessed. The simulation performed for a real time of 2 years gave results as shown in Table 13 . Concentration (ug/l Cd)
Elevation (cm)
III IV V VII VIII
Figure 7
Cd contaminant fronts at 2 years, for scenarios III, IV, V, VII and VIII.
Water is the carrier of contaminants under the ground surface. When the permeability of the sub-grade soil decreases, more water flows through the base course to the drain and is drained out. Thus there is less chance for groundwater to be contaminated. However, this will increase the concentration of contaminants in the water in the drain. Where there is also an increase in the sub-grade sorption capacity, the water still flowing through the subgrade is also cleaned of its contaminants much more effectively.
Looking at Figure 7 the contamination of the sub-grade for scenario VII is clearly much greater than that for VIII. This implies that the progression of the contaminant front is impacted on most significantly by the sorption parameter assumed for the sub-grade. In fact the contamination in scenario VIII is practically negligible. Even at the surface of the sub-grade, where the worst contamination would be expected, the concentration is still significantly below the drinking water quality maxima for cadmium. As can be seen from other results, a much lower concentration would be expected at the ground water level. Table 14 shows the contamination of the sub-grade at various times for scenarios III, VII and VIII. The objective was to quantify, if possible, the change in the contamination of the sub-grade based on changes in the sorption capacity and hydraulic parameters.
It was hypothesised that the rate at which the sub-grade is contaminated would be inversely proportion to the sorption parameter, and proportional to the permeability. The basis for these is that the greater the permeability the greater the quantity of water that will be able to infiltrate into the sub-grade rather than the drainage system and consequently the more contaminant it introduces, whereas the greater the sorption capacity the greater the time taken for the sub-grade to become saturated with contaminants and consequently the contamination front will progress more slowly.
On this basis the contamination for scenario VII at 24 months would be expected to be the same as that for scenario III at 0.24 months as the permeability is 100 times greater in scenario III. The contamination for scenario VIII at 20 months would be expected to be similar to that for scenario III at 0.3 months as the sorption capacity is 66.6 times greater in scenario VIII.
The results shown in Table 14 seem to show that the hypothesis regarding sorption appears to be reasonably accurate while that for permeability is not. It is likely that the reason that the hypothesis does not fit for permeability is that it does not take account of the fact that the sub-grade and base courses are of variable saturation. During the initial stages of a rainfall event a significant part of the water entering the pavement may be drawn into the sub-grade by the soil's capillary suction. This suction is likely to be greater in soils with a lower permeability due to smaller pore sizes and will therefore cancel out some of the impact of the reduced permeability. 
Conclusions
2-Dimensional numerical simulations of the transport of contaminants underground is an economical way to assess the factors that affect the movement of contaminated water. The potential impact of runoff and base course aggregate leaching were also modelled in the simulations. The results show that
• Over the simulated period of 2 years water quality maxima are not exceeded in any of the scenarios even though some assumptions are very conservative. For the sand with low sorption these maxima are exceeded below the water table after 2.5 years. This could be of concern to pavement engineers, future work will help to identify whether this is due to overly conservative assumptions or is a genuine risk. For the present it would suggest that, over the most permeable and least sorptive subgrades, further study is needed by road designers and maintainers.
• For other soils, contaminant movement is very limited and of no real concern over the length of the study period.
• Based on the values used in this study, contaminated runoff is likely to play a more significant role in groundwater contamination than aggregate leaching.
• The permeability of sub-grade soil, van Genuchten parameters and the partitioning coefficient are significant factors affecting the transport of water in the pavement foundation.
• The pattern of rainfall infiltration had little effect on groundwater contamination, thought the total volume infiltrated did. The results suggest that sealing of a pavement's surface could have significant environmental benefits.
• The sorption capacity seems to have the most significant impact on contaminant spread. Future work should therefore be targeted at this to ensure that assumed values are not overly conservative and consequently giving a false impression of the risk of unacceptable groundwater contamination occurring.
• The role of the lateral drain in carrying contaminated seepage water away from the pavement should be given more detailed consideration. The simulation suggests that, in some circumstances, it could act as a concentrating source of contaminants to the groundwater table -contaminants which have, in other respects, been successfully removed from the pavement structure.
• The observed effective addition of contamination from runoff and from leaching was an almost necessary finding given the inputs. In reality, the aggregate may act as a significant means of sorbing contaminants from the runoff, meaning that the results presented here could be unnecessarily conservative.
